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MOMENCLATURE

aibedo, dimensioniesa

area., f12

half thickuess of fin., fu.

width of iand for rectangular fin, f%

perimeter f:.

chucettrated lose enpefficient dimensionless
.

conetant preasure specific heat, Btuflb«OR
specific heat ratio,;, dimensionless

coefficient of performance, dimensionleas

term defined by equation (50)

diameter. f+.

eneryzy Zonversion efficrency dimensionless

bausiec parameter multipiyving factor, dimensionless
view factor. dimensionless

frirvtion factor

gravitationai acceloratinn, A2.2 fu, sec 2
convective heat transfer cecefficient. Btufhr—ft2—°R
hevght, .

2]
thermal energy rate emitted by planet. Btu,/hr-ft°~

transmittance factor, Jimensionless

. X ; Y]
thermal conduectivity Hruyhr~ft-n

radyaiion 1nterchange factor between parailel infinite

flat plites, dimensionless
iengthn . ft.

dimensionlese distance

mas<=s flow rate, 1b sec.

denafes number or gquantity of v
derates norma.

pressare psf oar psi
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power ratio, dimensionless

Prandtl Number, dimensionless

heat flux. Btu/hr-ft2

heat rate; Btu/hr, watts, or tons of refrigeration
radius; ft.

planet radius, ft.

Reynolds Number, dimensionless

solar zonstant. Btufhrwft2
temperature, °R

dimensionless temperature
velocity. ft/sec.

weight. 1b.

length or thickness. ft.
dimensionless length

length on rectangular fin, ft.
dimensionless length

denotes 1nfinity '

solar absorptivity, dimensionlessa
orientation angle with respect to sun, degrees
fraction or percent, dimensionlesas

denotes increment or finite difference
emissivity. dimensionless

efficiency or effectiveness, dimensionless
time, hrs.

dimensionless time

radiation modulus. dimensionless
viscosity, !b/ft-hr

viscoasity ratio. dimensionless

density, ib/fv

dene1ty ratio, dimensionless

~
-

« P 42 . 2
Stefan Boltzmann 8 Constant = 1715 x 10 "Btu ' hr-ft™-°R
denotes summatioun

cut-off aurles far rectangular fins. degrees
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Subscripts

a albedo

A actual

abs absorbed

ac adiabatic compressor
avg average

c cross sectional

E_ centerline on tube

cone cone

cyl cylinder

d drive

e equilibrium

eq equivalent

ex external

f fin

fp flat plate

fl fluid

G generated or dissipated
h hydraulic

hemis hemisphere

i denotes i 2 jtem

I ideal

init initial

in in or inner

1 land of rectangular fin
L longitudinal

late later or final

m mechanical

n denotes n®* 1tem or number
o outer

oa overall

out out

P projected with reference to sun
r radiator

124 roaot
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Subscripts (Cont.)

re reference
rr re-radiated
s lateral surface
solar
sp space
st stored
t thermal or long wave radiation
T total

trans transmitted

tc time constant
x at distance x from a reference
1, 2, 3 etc. = denotes items of the same type.

o i <
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The type of thermal control system or systems required for
a8 given space vehicle depends not only on the external space
environment and consequently the mission, but also upon the
internal heat dissipation, the size and shape of the vehicle, the
length of operation time, the allowable temperature range, and
the nature of the payload and equipment on board. A general
analysis of thermal control aysteéms is required. A conventional
as well as the more revolutionary thermal control systems are
discussed with respect to the external thermal environments which
may be encountered. Equations are déveloped to define the systems
within the scope of a general report. Particular thermal control
systems are analyzed for application on representative present
and future missions, with an attempt to arrive at systems which
will optimally accomplish the thermal control aspects of particular
missions. Conclusions are drawn with respect to the type of

thermal control system for use on particular missions.

This work represents a portion of the study being performed

under Convair Astronautics REA 111-9121.,
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INTRODUCTION

The thermal control of a space vehicle depends ultimately
on the energy interchange between the vehicle and its environment.
The external potential heating loads on such a vehicle were
discussed in detail in Reference 1, calculuted and presented
graphically in References 1 and 2 and tabulated in Heference 3.
This present discussion treats the control of this incident
environmental heating as well as control of the induced (internal)
thermal environment of the vehicle, with the ultimate objective
being the maintenance of all companents and systems of the vehicle
within their allowable operating temperature range. The external
thermal loads on a vehicle above the earth’ atmosphere, as pointed
out in Reference 1, congist essentially of the radiant thermal
energy incident on the vehicle due to direct solar heating,
planetary reflected solar energy (albedo) and planetary thermal
radiation from a near planet by virtue of its effective temperature.
If the vehicle is more than three planet diameters distant from
the planet the contributions due to albedo and planetary radiation !
are negligible leaving direct solar radiation as the only external
source of heating. This conditionlhas been referred to as the
free space environment with only solar heating being the external
source of heating. If the vehicle is close enough to the planet
to consider planetary heating effects the condition has been referred

to as near-planetary environment.

The internal heat dissipation will be dictated by the type of
vehicle and mission and will to a large extent dictate the type
of thermal control system or systems for the vehicle. The range
of internal heat dissipation levels for various missions were
predicted in Reference 1 and are shown in Table 4. The "firat
generation" vehicles now operating, for the most part, have internal
dissipation levels low enough to permit the use of passive control

techniques exclusively. Passive control techniques as the pame
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implies require no moving parts and no vehicle power for operation.
As more enthusiastic missions are attempted internal power levels

as well as size are expected to increase in which case active thermal
control systems will not only be required to reduce thermal gradients

within the vehicle but also to achieve the ultimate dissipation of

*

thermal energy from the vehicle.

The purpose of this document is to establish the type of thermal
control systems for use during particular missions and to provide

handbook type solutions for design and optimization of the thermal

control systems. The approach in the presentation is to first establish

equations adequate for describing the systems and then to optimize

the system design as much as is possible in a general treatment.

o vt
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GENERAL DISCUSSION

I PASSIVE THERMAL CONTROL

Passive thermal control is basically the utilization of missile
configuration, structure and vehicle primary surface to achieve the
necessary regulation of temperature within the vehicle and on the
skin. The passive control of energy intake from the surroundings and
dissipation of heat from the vehicle is accomplished by fixed surfacesa
with specific finish preparations which thus causes the degree of
control to become fixed during the fabrication of the vehicle. The
methods and techniques are discussed generally in the order of

increasing complexity.

A. Fixed Coatings

Fixed passive coatings have been and will continue to be
used extensively for the thermal control of small satellites with
moderate dissipation and for components on larger vehicles, and
to assist in the thermal control on all vehicles. A simplified
approach to the problem will show the effect of the thermal
radiatien properties of surface materials and distance from
the sun on temperature control in free space, If a flat plate
normal to the sun's rays and insplated on the side away from
the sun is assumed somewhere in the solar system, its equilibrium

temperature will be given approximately by the following energy

balance,
4 V.
T = (= 2)" (1)
& a.
where = solar absorptivity

[

emissivity

-12 . 5
Stefan Boltzman's constant=1713 x 10 Btu/hr»ft‘ﬁﬁ;

Q™R

incident heat flux rate frow the sun at the assumed
location in the solar system Btu/hr-ft2

f
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The heat flux rate S varies as the inverse of the distance from
2
the sun squared and is 442 Btu/hr-f1~ at the earth. Figure 1 shows
the adiabatic plate equilibrium temperature as a function of °€/€a

ratio of the surface and distance from the sun.

The essentials of passive thermal control of a vehicle with
internal heat dissipation are demonstrated by a steady state energy
balance on the vehicle in free space assuming a spinning or tumbling

vehicle and one with infinite thermal conductivity skin.

Qin = Qou.t
4
SAp + Qg = e AT (2)

. . V.
T = (S_C_ __A_.ﬁ __5.. + _Q_g_ 4
ENAN\T) €A0
The effect of the parameters on the satellite temperature is
readily apparent. Figure 2 shows the variation of average temperature
of a spherical vehicle in cis-lunar free space (S may be considered
a constant of 442 Btu/hr-ft2), as a function of an internal heat

dissipation density parameter QG/’é. Ap and the surface characteristics

parameter'ng . This figure shows that as the internal heat
dissipation density becomes higher the variation ofcfaé has less
effect, i.e. internal dissipation becomes more important than the
solar heating of the vehicle. For moderate and low internal
dissipation densities the ?22 ratio exhibits wide control over the
temperature. Also from the parameter QG,"éAT 1t 1s seen that the

temperature decreases for higher emissivity. It is therefore con-
cluded that to minimize satellite temperature where internal
dissipation is a problem the %&é ratio should be minimized and the
emisgivity should be maximized. Since the% ratio for random
tumbling or spinning vehicles is lowest for a g%here\ Figure 2
provides an indication of the practical maximum internal generation
that may be dissipated passively from the primary surface of a

space vehicle in cis-lunar space more than three nianer diametera
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from the earth with a given maximum temperature. Coatings are
readily available with% = .25 and & = .90. If the skin tem-
perature is limited to 100°F which is near a maximum allowable for

a satellite containing electronic equipment the maximum QGA‘T that

may be dissipated is 38 watts/ft2 surface and places a practical limit

on passive control.

Engineering surfaces are readily available which can vary the
C$4é value from .25 to 5 and some experimental surface coatings
are being devised which may increase the range of e%g to .05 to 10.
Table 2 shows samples of some of the more common engineering surfaces
with their & , & and % values as measured in Reference (4).
Although the paints exhibit & and éE values that are desirable for
thermal control it should be remembered that most paints are
relatively unstable and vulnerable with respect to ultraviolet light
and meteoric dust erosion and are not suitable for long term missions,
i.e., those longer than a few days, and even then the change of
thermal radiation parameters with ultraviolet radiation for exposures
of even a few hours must be considered. (References 5, 6). The
ceramic and metallic materials are somewhat more stable than the

paints and less affected by ultraviolet radiation.

Since a full range of emissivities and absorpt:vities cannot be
obtained with a few surfaces, it is desirable to combine surface
finishes to give almost any thermal parameters desired. By finely
striped or spotted patterns with two coatings having dissimilar
emissivities and solar absorptivities,average surface emissivities

may be derived according to the expression

éé”g = gé, + (l "’S)éz (3)
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where S'denotea the fraction of area covered by one of the coatings.

The solar absorptivity is given similarly by

%avg = 5%, + (1-8)u, (4)
9

B. Variation of Geometry and Urientation

Equation 2 also indicates the importance of the ratio of
projected area in the sun direction to the total vehicle area
especially in the case of vehicles with low internal generation
density and/or vehicles requiring cryogenic propellant storage
in space. The AP/AT ratio may be controlled by configuration
and orientation. For purposes of computation and thermal
prediction it is advantageous to have curves showing the ratio,
Ap/Ar for common vehicle geometries and general orientation

with respect to the sun. For a sphere the ratio Ap/AT = .25

(constant). It is especially of interest to have plotted the

Ap/AT for lateral areas of geometric figures only as these may

be used to determine AP/AT ratios for vehicles formed of composite
aimple geometries. The AP/AT for lateral areas will be referred

to as Ap/As .

For a cylinder Ap/Ag is given by

f—'—’- = Lgiyy (5)
}\5»1:6/ 7T
where J\is the orientation angle between the axis of the
cylinder and the vehicle-sun vector. This area ratio is shown

plotted in Figure 3 as a fuhction of the orientation angle, 6‘.
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For a hemisphere AP/AS is given by

(%)

Figure 4 shows this area ratio as a function of the orientation

= ZI—(H co:—»b")

hemis (6)

angle. Since this geometry is lacking in the end-for-end
symmetry present in the case of the cylinder, values offfrom

0-180° must be considered.

The expression for a cone i1s somewhat more cowmplex in that
a new parameter (H/D) must be introduced. H is the height and
D is the diameter of the base, Limiting conditions must be

considered in the calculations of AP/"IAE_, of a cone. When

- L
TEB ()

(éﬁ- = 0e? 172 )
As Jeone E * 4<H/D)J

when an-,"i"" I 180-1a ,'-——,——
ST AT

|

180~ 2tam § [4/o)e Aas] 2 J 2 4
‘EB _ 3({(&4@ D) mTt) ﬁnb']msb" +#[4(“/Q:bir fwna*(g)
Y

cone [, + 4(!6\)1-] V2

when X\:-? I80" &M‘l"‘L"— <_A_-f> = O
2(”/[)) > As cone
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(AP/As)cone is shown graphically in Figure 5 as a function of

orientation angle,b" , with H/D ratio as parameter.

The expression (AP/A') for a flat plate is given simply

for one side for a\< 90° as

A
-;-:) = cos ¥ (9)
fp

wherev\ is the angle between the normal and the vector to the sun.

For b\> 90)<AP/A5) tp = 0, the function is shown plotted in

Figure 6.

By a combination of the functions shown in Figures 3 through

. 8 it is possible to build an AP/AT for most vehicle geometries.

This solution may be accomplished as follows for a generally

convex vehicle.

: A‘P =(A&) AS, +_A_E—-) AS:_ + ---
Ar Ash As,+As;"'+Asn As zAﬁ.*AS;-“‘Msn (10)

Gl
S$/n A6| +A$2+--~ +A5h

The AP/A for some common composite vehicle geometries have been

T
computed and included in this document. Figure 7 shows (AP/AT)

for a cylinder with flat ends as a function of orientation angle,

Z\, with the length-diameter ration (L/D) as parameter.

S SRR
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The (AP/AT)cyl-fp wvas computed by the following equation.

‘_ ]
_A_f, '7}4&53*4.5.90»"7\

AT ad"{p- Tr/z(l*l'l%)

(11)

. . . . « /
Also included as an indication of time average (AP/AT)avg for
a tumbling cylinder, Figure 14 shows AP/AT for a cylinder tumbling

end-over-end in a plane containing the vehicle-sun vector,

Figure 8 shows (AP/AT) for a cylinder with hemispherical

end closures, as a function of 5Awith (H/D) as parameter and

was computed from

:éfl) TDQ + %5 sﬁnZP

= (12)
AT hcmls-qjl Tr(l + L/l:))

Figure 14 shows the time average (AP/AT)avg for a cylinder with

hemispherical end closures tumbling at a constant rate in a plane

containing the vehicle-sun vector.

Figure 9 shows (AP/AT) for a hemispherical surface including

the flat plate base and was computed from the equations

when 6\ é— 90

A ,
<Zi)hem:s-§; l/é (4 ees aA) (13)
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when m>qo
A
(®), .0 T 0=
T/ hemis - Qp

The value for (AP/AT)avg is independent of the size of the

hemisphere and is shown in Figure 14.

Figure 10 shows (AP/AT) for a conical surface including the

base as a function of P with (H/D) as parameter and was computed
when P & S P .
2("p)

by the following equations.

Ap cos __
e = .
(AT )am 4 E‘f' 4‘(“/9>2] 2, (15)

when m'éé‘yg KP4 /2
=

Eemzm"([@z = et 8}@0 - [4& 'L'ﬂ /;.M(;\s)
cone(p (: 4(/) J V2+ |

260
when 77 N80 -'2‘24,"

[80*2'-""*1([4% *-rxj‘ifﬁ_)}]maw_[q@) A= b

A =
(A)m,e -lp [4_4(,4) J/,_ (17)
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when 180—tan’1—£——-—- é..: X\<|Qo
2(F

H/p) .

-con ?

A -
&) [+ 408 ™+

(18)

Figure 14 shows (AP/AT)avg for tumble in a plane containing the

vehicle sun vector.

The area ratio was calculated by equation (10) using data
from Figures (3), (5) & (8) for a cone-cylinder with a flat plate
end closure, as this geometry approximates the shape of many
vehicles. The results are indicated parametrically in Figures

11, 12 and 13,

Rectangular Finned Surfaces

Sometimes passive thermal control surfaces, expecially of
small components, are finned for reasons other than space thermal
control. This is true, for instance, of electronic packages which
see space directly but require fins for ground cooling prior to
launch. It is necessary in these cases to predict an equivalent
emissivity and solar absorptivity of an isothermal finned surface.
An approximation of the effective emissivities and absorptivities
of finned surfaces may be obtained by an examination of the three

dimensional view of space from various points on the finned

surface as well as a consideration of interreflections within
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the fin structure. The asgumption is made that the fins are
infinite in length. For ease of analysis the fin and land
will be analyzed separately. The fin geometry is shown in

the following figure.

L,

Fin

=

I RrAVE

R }
x 8 L-L,a.nd

Geometry for View Factors on Land

The local view factor on the land and fin may be computed
from fundamental considerations and calculus or by the mathematical
application of the radiation hemisphere graphical metﬁod (Reference
26) assuming diffusely radiating surfaces. The local view factor

on the land is given by the following equation

F, = é_ [cos ¢ + cosgba] (19)
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which has the expected extremes F, (¢l = ¢2 = 0) = 1.0,
F, (¢1 = ¢2 = 1r/2) = 0. The cut off angles ¢1 and ¢2 may be

computed for a given x* = x/B from

B Wt
mézz—x* )1‘—‘"¢z' = (20)

x*

The local 1and view factors are plotted in Figure 15 as a function

of x* with H/B as parameter. Integration of these curves is
accomplished analytically and permitted plotting an average land

view factor as a function of H/B and is shown in Figure 17,

The local view factors on the fin may be computed similarly.

The parameters are indicated in the following figure,

B —f

Geometry for View Factors on Fin
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The local fin view factor can be shown to be

'2,“ (1- cosd) (21)

where ¢1 is defined by

o P, = 'j< where 5 Q/H (22)

The local fin view factors were plotted as functions of y* with
B/H as parameter and are shown in Figure 16. Analytical integration
of these curves permitted plotting an average fin view factor as

a function of H/B and is shown in Figure 17.

To convert surface emissivities and solar absorptivities
to effective values for finned surface envelopes, a multiplying
factor was defined and descrii::es the apparent increase in finned
surface emissivity and absorptivity due to inter reflections

within the fin structure.
éeg——{e , ue%=(oc (23)

f was estimated from a weighted consideration of the apparent
increase in emissivity due to individual effects of inter reflecticns
for the fin and land surfaces. For estimation purposes three

inter reflections on all surfaces were considered. Average view

factors were assumed between surfaces and were computed as follows.
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The subscript numbers refer to the previous figure.

FaFeg *Fy® Faa "7 142 Z__) ,}”2}
ek [(%)‘d"‘-

R s [R)W]* -4

Faa "R =g [1+ % _g(l‘é)‘-_”}’/z]

£ is then given approx1mate1y by
= H—Z ’;)K, 2 Fagt e)+(52FHF4+Ez§%F3_4

t2ZR-shha 5-4Y"‘é) +(FI"ZFZ—/;I=-2,-;-4 ok Byt

FaFa-sh- "’:3 R B TR F.q thahe zEv)«*

(24)

12133124

(
Fahafish.gtFafiaFah (=€) | tRE.F (-9

"'Z(F;-; -2 ,."H;/’TBEB-QX' e)z+2(F‘_,ﬁ'_7_Fz,3F;_4
3
*'F:'I:z»é -41’-6 J

f is shown as a function of H/R in Figure 18. 1In view of the
approximations used, f as computed above is assumed to apply
equally well to the absorptivity. & eq and ~ 4 eq must approach
1 as +00, [he area used with € eq and Oceq should be the

finned surface envelope area.
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Insulations

Insulation of a vehicle surface is an~exanple of passive
control and is somewhat more complex mathematically and practically
than simple surface coating. It has been demonstrated (Reference
8) that from a weight standpoint multiple film radiation shielding
is a better space insulation than conventienal insulations
especially since the vacuum is ready made. The advantage ir
favor of radiation shielding is less, the higher the outer skin
temperature rises. However, for high surface temperatures,
i.e.; close to the sun, metallic shielding is again of advantage
from a thermal integrity standpoint. Radiation shielding is
especially important in the protection of cryogenic fluids con-
tained in space vehicles. General equations for studying the
conventional insulations and radiation shield insulations are

readily developed for the steady state condition (Reference 8).

A steady state energy balance at the outer surface of the

insulation or radiation shielding yeilds

iabs = q» + itran‘s (26)

The absorbed energy may be divided into two components,
absorbed energy of solar wave lengths and absorbed energy

of long wave length.

Jabs = %o gst & & (27)

where, since the temperature of the outer surface will
correspond to long wave radiation the following "grey body”

relation may be assumed

GEO» = absorptivity for iong wave lengths {(28)
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Then the absorbed energy on a vehicle surface may be

written generally as

OC°15+ Noza,"' &, 7: = ia.bs (29)

The re-radiated thermal energy from the outer surface is

determined by
7}? = §5°7;4 (30)

The transmitted energy in the conventional insulation is

given by

ﬂh»s = 'ff (T; "ﬂn) (31)

The transmitted energy in radiation shield insulations

is given by
4 4
Ttrane = @“I(To "Tin> (32)

From energy balance considerations on n successive shields

the transmittance factor is found to be

|
hepo "k T TK o

L2z 2,3 Kn)n-}l

J'-;

or in summation notation

T2
¢l

=1 Ki ey

(34)
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The radiation interchange factor between two shields is

K L4~ Y.,o+ / (35)
J Y -
&/ /éL'-I-/
For shields with equal emissivities equation (34) simplifies
to

3

73 (38)

Substitution of equations (27) (28) (29) (30) and (31) in
energy balance (26) yeilds the conventional insulation

equation

4
=‘)£<{— (C'Wn} (37)

Substitution of equations (27) (28) (29) (30) and (32) in

%4 +x07a+éoit—0‘6°'g

energy balance (26) yields a similar equation for radiation

shield insulation.

4
s P +°(°fa_ 1€,9,-06€; [ O'J'(T;“—T,"h‘) (38)

The quantities 9gs q,- and q, are computed by the methods

of References 1, 2 & 3. It is difficult to solve the
conventional insulation equation (37) analytically since

To occurs in both the first and fourth powers. However, the

radiation shield insulation equation (38) may be solved for

the outer shield temperature

— Y
T - [XDZS.’-KOia +£o?t +5‘JT:’n4 *
o (39)

S (€s+H)
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Substitution of (59) in (32) gives the heat tranaferred in

the shield insulation

p €6+°<o?a+éo2£ “7'5077»»4
66/3_ +]| (40)

;nhnzns:'

which may be solved knowing the insulation parameters, the
rate of incident solar and longwave radiation and the inner
surface temperature. The individual shield temperatures
may be computed if the outer and inner surface temperature

are known and the shield emissivities are the same.

s 4 [ N4
7-2 _ L(n L+I>T°”+<L 1)77,,]

(41)

where i indicates the i® shield from the outside.

For purposes of estimation of the heat leak through
an insulation or multiple radiation shield on a apace
vehicle, graphical methods of solution of the equations

(37) and (38) for the q transmitted and To are included.

The alignment chart shown in Figure 19 may be used
to solve the conventional insulation equation (37)° The
upper family of curves is the conducted heat rate as a
function of temperature differen tial across the insulation
and conductance. The lower chart showas the reradiated

.
energy as a function of outer surface temperature; To, wi th

outer surface emiséivity as a parameter. The solution may
be made as follows. Compute the absorbed energy at the

outer surface from equation (29) and the method defined in
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References 1; 2 and 3. Draw a line from the origin of the

upper chart to the Tin on the abscissa of the lower chart.
Assume a To on the abscissa of the lower chart and draw from

this point a line parallel to the first and intersecting
the abscissa of the upper chart. At the A T thus defined

on the upper chart read the conducted heat rate and at To

on the lower chart read the reradiated energy rate. Continuc

this procedure until the sum of these two heat rates equals

the computed absorbed energy.

Figure 20 provides a similar solution to the radiation
shield equation (38). The upper family of curves is the
transmitted heat rate through the shielding as a funection
of the surface temperature, with the transmittance factor
as param:ter. The lower chart shows reradiated heat rate
as a function of outer surface temperature with outer surface
emissivity as parameter. As in the solution for conventional
insulation the absorbed heating rate is computed by equation
(29) and the method defined in References 1, 2 and 3. An
outer surface temperature is assumed and the reradiated
energy determined from the lower chart. The net transmitted
energy is obtained from the upper chart by subtracting the
value for the inner surface temperature from the value for
the outer surface temperature for the given transmission
factor. The procedure is repeated until the sum of the
reradiated energy and net transmitted energy equals the

computed absorbed energy.

For radiation shielding protection of cryvogenic fluids

tanks in free space the equation (38) may be greatly simplified.

For liquid oxygen or a colder fluid, the term containing Ti

in equation (39) or (40) may be negiected with a maximum 2%
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error, For free space, i.e. more than three planet diameters
distant from a planet, the albedo and thermal radiation may

be neglected. Eguation (40) may then be put in the form

ﬁzt71ilr5

_ “o[ !
7s S L /T + Ve,

(42)

This function is plotted parametrically in Figure 21 indicating
the fraction of impinging solar energy flux to the outer surface
that is transmitted to the cryogenic fluid. Figure 22 is a
parametric plot of the function for a white painted outer surface
as a function of number of shields having equal emissivities

for all inner shield surfaces. The vagt theoretical reduction

in transmitted heat is apparent from this figure.

For the insulation of cryogenic tanks subjected to solar
radiation, equation (39); after neglecting the term containing

Tin9 may be placed in the form

T - l '/4 e Va i Z Ya
o - H —-) 6- is (43)
I + /e & A

This expression is similar to that of equation (1) except for

the modifying term in brackets. is defined as

g

is "-‘54663" '

(44)
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where a\is the angie between the normal to the outer surface

and the vector to the sun. If J/e°< +10, the outer shield
aurface temperature may be estimated from Figure 1 by assuming

S cos X‘is the solar constant. If shield emissivities are all
equal, then equation (41) gives the temperature of any intermediate

shield.

The simplified radiation shield analysis presented assumes
radi tion transfer only, which 1n actuallity would be highly
desirable, however practical multiple radiation shields must be
supported and physically separated so that conduction in supports
and separators must be considered. Much experimentation and
atudy of fabrication techniques must be engaged upon to minimize
the conduction in the separators and supports. The result of
initial work in these areas has been the "super" vacuum insulations
which are essentially multiple radiation shields separated by
low conductivity materiala. However, because of weight and lack
of structural integrity these good insulators are not particularly

suited to vehicle-borne applications.

Prediction of Satellite Temperatures

Although satellite and space vehicle skin temperature
histories are normally predicted by computation on digital
computers, it is desirable for estimation purposes and proposal
studies to have a method fer rapid temperature history prediction.

A transient energy balance on the vehicle takes the following form

Zex + ?C:, = fst t 7»- (45)
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-

or

Q_

4
Jex * 4 *wcp—g+eo~ArT (s0)

The external heating, . consists of absorbed albedo, earth

thermal radiation, and solar heating. The energy fluxes incident
to the vehicle can be calculated by the methods and equations
outlined in References 1, 2 and 3. The absorbed energy is found
by multiplying the incident albedo and solar flux by the solar
absorptivity of the surface, and the incident earth thermal
radiation by the emissivity of the surface. Separating variables

in equation (46) yeilds

wCp
éJf;* = 6567‘1\1' Ci-r—

Z"‘+Zi -4
ETA;

Substituting

Zh'o = Fex +f§ (48)
7o\

éO‘AT (49)

(47)

d~ 22—
ECAT

(50)
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in equation (47) and integrating yields
& = ‘43‘ ['/2(‘3:«‘ late. Zan' 7;312\,4._!. b (e Tiate X Tinit)
Te Te Te / 4 OEH’-""%)(E'T/ate) (51)

It is advantageous to non-dimensionalize the equation with the
following relations

4
&, = 3 (520)
or - 2
Zc (52b)
. T,
lete = /2%:
(52¢)
* Too
7737/2‘ = M,t/7;
(524)

Substitution of these non-dimensional parameters is equation (51)
yields

»® #
%o LT T X pd, (Hare )
"= (b Tawe 8 Tak )b S o

This equation has been plotted in Figure 23 with T?ate

*
nit o® parameter. Then

on the

ordinate, 0% on the abacissa and Ti

knowing the external heating and internal heating of the vehicle

UYn? the weight and effective specific heat, and the emissivity,

DU



I A S v

D et

ERR-AN-051
Page 26

the temperature at any time may be determined with

equation (53) and equations (52). 1If qy, is itaelf

a function of time a stepwise procedure may be used to

predict temperature as a function of time,
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II ACTIVE THERMAL CONTROL

Mechanical Control Surfaces

Active mechanical control surfaces may be designated in
two groups. One group is pseudo-passive in that no vehicle power
is required to activate the control. The other group is fully
active relying on vehicle power for actuation. Mechanical thermal
control surfaces generally consist of a combination of two
coatings on two surfaces, one superimposing the other, that may
move relative to one another. Ordinarily one surface has a
high % and the other a low % . When the vehicle and/or the
surface cools, more of the high‘ﬁag surface is exposed permitting
a greater absorption of solar energy than is emitted and con-
sequently the vehicle warms. When the vehicle approaches the
warm end of the temperature range more of the low’ﬁkg surface
is exposed reducing the solar energy intake and increasing the

emitted energy permitting the vehicle to cool.,

These control surfaces may be classified as to their geometry
and movement, e.g. rotary surfaces, of which the maltese cross
is an example, and linear surfaces such as grates and linear
blinds or shutters. The linear devices are particularly adapt-
able to surfaces having relatively large flat areas. The rotary
devices facilitate the application te single or double curva-

ture surfaces.

The pseudo-passive drive devices ordinarily are some form
of bimetallic strip or spring. Bimetallic strips may be used
advantageously with linear control surfaces and coiled springs
may be and have been used with rotary control surfaces (Reference
9). It is conceivable that other drive devices such as Bourdon

tubes may be used.
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The actively driven surfaces (those requiring vehicle

pover) rely on sensing of some temper.ture dependent quantity

which controls a servo mechanism which in turn controls the

thermal control surface utilizing vehicle power to produce the

drive forces.

e The

surfaces

1.

2.

6.

advantages of active control surfaces over passive

are.

Some compensation may be made for changing properties

of the surface due to the space environment.

The control may be accomplished with narrower tem-

perature limits,

Control may be accomplished when the thermal
environment changes due to trajectory changes either

of a short or long term nature.

To a certain extent thermal gradients across a non

rotating satellite or space vehicle may be reduced

by active surfaces.

Limited compensation may be made for time dependent

changes in internal generation.

Anticipation control can be utilized.

The two major disadvantages are that the thermal control

system is somewhat more complex and that the maximum allowable

internal dissipation is still limited,as in the case of passive

control by the surface area and skin temperature of the vehicle

or satellite.
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Active Radiators

The only way to increase the amount of heat that may be
dissipated from a particular vehicle at a given temperature is
to increase or improve the available heat dissipating area. The
use of a heat dissipating radiator implies that this is an effective
surface for ultimately releasing heat to the space environment
and that an efficient method is utilized to transfer the heat
from the dissipating elements to the radiator. Two types of
radiators will be discussed. Some detailed discusesion of the
conventional fin-tube fluid radiator will be included. The more
revolutionary belt type radiator will only be discussed briefly.

a. Fin-Tube Fluid Radiator
The conventional fin-tube radiator may be either a
vehicle primary surface radiator and radiates to space
frow only one side, or the radiator may be deployable
and will then radiate from two sides. Advantages of the

primary surface radiator are:

1. The radiator may be built into the basic

wall structure of the wvehicle.

2. No flexible connections are required between

vehicle and radiator.

3. Somewhat greater protection againast meteorite
damage is afforded in that the same protection
serves both the radiator and vehicle.

The advantages of the deployable radiator are:

1. Radiating surface is essentially unlimited
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2. Both sides of the radiator are utilized

3. It is possible to orient the radiator to
receive little or no solar load thereby
improving the heat dissipating qualities of

the radiator.

For reliability purposes it is advisable to use a

primary surface, non-deployable radiator if such will suffice,

As in the case of isothermal rectangular fins it is desirable
to know the local and average view factors for the combined fin-
tube geometry. These view factors are developed by an analysis
similar to that described previously for the rectangular fin.
These view factors have been plotted. Figure 24 showa the local
view factors for space as a function of position on the fin with
tube radius to fin width ratio as the parameter. Figure 25
shows the integrutéd average view factors of the fin and tubes
as & function of r/2L. The average view factor on the tube varics

over a small range .818 to .635 as r/2L varies from 0 to oo .

For an adequate analysis of a light weight fin-tube radiator
it is essential to establish a radiation fin effectiveness as
well as a radiator effectiveness due to longitudinal temperature
drop of the fin. Conventional convective fin effectiveness cannot
be used to define the effectiveness of a true radiation fin. The

following analysis for a rectangular fin is reported in Reference 11.

More refined analyses have been and are being made but this
analysis will suffice for our purposes. The fin of half length
L and constant thickness 2b is assumed to radiate to an equivalent

space temperature T.p defined by the equilibrium condition between

the fin and its external environment with no internal dissipation.
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A steady state energy balance on an element dx of the fin with x

measured from the center of the fin takes the form

A dT +k’4>‘+d"l:(dx> + %ﬂ:dx-] oo
= o€ 4dx (T4 ‘Tg,-A)

The parameter Tcr is defined as

4
T;r = T’P“ (l "F) ‘\"qu F (55)

where T'p is the equivalent space temperature, TB is the fin root
temperature and F is the view factor of the element surface

dx for the adjacent tubes. Noting that Ax and Ax+dx - 2b,

substituting equation (55) and simplifying equation (54) the

energy balance becomes

klo :‘.‘.% ~ce [T To (-F)-T* F]

(88)

The boundary conditions are

ax =o ,5{*0

T=Te (57)
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The eguation (56) may be solved and the results readily

displayed if the equation is non-dimensionalized to

LI TR e o

where
%X _ T
T /"z
® L
et (59)

The boundary equations are.

*_ a1t
=0
x dx™

J

xtel , T*= (60)

The fin effectiveness is defined as the ratio of actual
energy dissipated from the fin to that which would be

dissipated if the fin were isothermal at the root temperature
TR. 3

. R
/2w (1)

The actual heat dissipated is that conducted at the root
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Q= |-taw = (40)
L d x 2 (62)

The ideal heat flux QI is given by
4 » 4
QI= S.GZLT'—( D-Tsp J (63)

Combining equations (62) and (83) according to (61) yields
the fin effectiveness

dr*
7 - (Zl?*)x*g'
f » (1 —1;:4

The differential equation (58) could be solved numerically

(64)

using local view factors F displayed in Figure (24) however
the display of the results would be voluminous so0 it was

assumed that the fin had a 180° look angle for space, i .e.
F = 0 and equations (58) and (64) were solved on an IBM 650

computer by a double boundary value technigque.

The radiation fin effectiveness is indicated in figures
(26) and (27) as a function of the non-dimensional parameters
A and T*‘p Figure (27) is a plot for a limited but im-

portant range of )\ .

The rectangular fin geometry may be optimized by finding
the A for a fixed weight fin which gives the maximum Q,.
Combining (61) and (63) and solving for Q, gives

Q= %€ 2LTA(-Te Y

(65)
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for constant fin weight
/
bL =c (86)

With the definition of A\ and equations (65) and (66) it

can be demonstrated that

JZ
(4= [27‘23@ “Top Xoetke '>yﬂ 77‘A 5(67)

where the bracketed term is a constant for a fixed weight
fin in a given environment operating with a given root
temperature. By using the relation defined by figure (27)
the )\ and corresponding 7; may be found that will maximize

. » . L . . .
QA for a given T ap’ This maximizing )\13 plotted in Figure
(28) as a function of T*sp. Since the QA variation is not

great in the area of the maximum, limiting A's are also

plotted corresponding to QA one percent less than the maximum.

This permits a rather broad choice of nearly optimum A values.

The longitudinal effectiveness of the radiator, 72. ’
is due to temperature drop of the fluid as it flows along
the tuhes of the radiator. The simplifying assumption is
made that the drop occurs linearily. The temperature along

the tube TE is related to the temperature at entrance
T é;in by

Te = Te - (1)L

" Lr (68)
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By series expansion and retention of the first two terms

the radiation driving potential is given by

AT‘H

(89)

then as in the case of the lateral efficiency the driving

potential may be non-dimensionalized to
,: —4 4 J sPm
4

The ideal driving potential would be 1-'1“:p in °
the driving potentials over the length Lr and solving for

(70)

Integrating

the longitudinal effectiveness yields

*-
. _ 24T,
7L 4 (1)
1= Tsp)y

This function is plotted in Figure (29) as a function of
»

T op in with A T* 00
a fin-tube radiator is given as

702. i 7’(%‘ (72)

as parameter. The total effectiveness of
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Inasmuch as the equivalent space temperature is important
with respect to radiator calculations some indication of the
variation of Ts for certain conditions is necessary. Figure
30 shows the wvariation of Tsp with.egg as a function of
orientation of a two sided flat plate with respect to the sun

for a mission in cis-lunar space. .Figure 31 indicates the Ts

range that might be expected on a two sided flat plate radiator
oriented edgewise to the sun and orbiting the earth in a plane
containing® the earth sun vector. Furthermore the normal to

the plate remains in the plane of the orbit. Figure 32 shows
the equivalent space temperature for a two sided flat plate
orbiting the earth in a plane normal to the earth sun vector
with the plate normal being parallel to the earth sun vector.
To have an effective radiator, it is seen that the(&é& ratio

must be as low as possible.
b. Endless Belt Radiator

A revolutionary radiator has been proposed in Reference 12
consisting of a thin travelling belt which absorbs heat

in a contact or fluid heat exchanger and then radiates to
space as it travels around a circuit. Several advantages

are apparent for this type of radiator.

1. The meteoroid problem is minimigzed

2. For very high power levels weight may be only a
fraction of the weight of the conventional fin-tube

radiator

3. Packaging and deployment are simpler than for the fluid

type radiators
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Although this type radiator promises advantages for
future vehicles, its revolutionary nature and development
required may preclude its use except on future generation

vehicles and will not be considered in detail here.

Mass Flow Heat Transfer Systems

As vehicles become physically larger and dissipation rates
increase it is not possible to transfer thermal energy passively
within the vehicle. Some type of active thermal transfer system
relying on fluids is required. Mass transfer asystems may be
used for two major purposes. The first would be to increase the
effective overall conductivity of the vehicle and the second to
provide heat transfer to a radiator. In most cases the optimum
situation from a thermal standpoint would be to ahcieve the
maximum heat tranefer with a winimum of pumping power, There-
fore choice of fluid is an important consideration for a

vehicle circulation system.
The heat transfer is given conventionally as

Q = hA AT (73)

7
where h is given by Nusselts equation for moderate AT

0.8 4
h = 0.02% —g- QZe.) (PV)O
h

(74)
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The pressure drop is given conventionally by

S ()% P"‘

The friction factor Ssmay be computed from the following relations

§ = 0,84 (Re) “when 5000¢12e< 200,000 (760)

S - % , © {Re<=z100

(76b)

§ =.036 2100 ¢ e {500
. (76¢)

Pumping power is computed assuming incompressible flow as

P~ ._m. ae (17)

e

Substituting equations (75) and (76a) in (77) and rearranging
yields

_D184 LA, 08,28 o2 (78)
i 29 B ~

Bubstituting equation (74) in (73) and rearrangiag yields

0.8 0.8 04 0.4
Qeoonfs Y P P kT i (19)
o A® 2
A,c - Dhc-

T (80)
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. (81)

Solving (79) for V gives

0.2 0.4 .25
D, A~ Q ]
0.0234Ag g:""-'*c,é"“ ke AT (82)

Substituting in (78) gives

1

0.5
0.184 7/ _| D, v
p = 23 0.023% 4. L’I-.5 2.5 T"kld (83\

This equation provides a comparison of fluids and geometries for a
given heat transfer rute per degree temperature differcuce. For
a given fluid the quantity Dh ’ C_a"s- should be minimized
and still maintain the Reynolds Number at 5000 or above., This pro-
vides that in general passages should have high aspect ratios, i.e.
be wider than they are deep.

l.e

For a given { the parameter ~a, / 4} 2, provides a com-
AT CP k

parison between various fluids flowing in a fixed geometry. Nitrogen
gas at standard temperature and pressure (14.7 psia and 59°F) is

chosen as the standard. The comparator ia given by

»* b

‘ This parameter has been computed for several gases at 1 at-

mosphere and 50 psia and for water and is shown in Table 3. The effect



ERR-AN-051

. Page 40

\ of gas density is readily apparent from equation (84). The gas
pressure should be as high as possible to provide efficient heat
transfer. Gases are attractive as heat transfer mediums as no

indeterminancy is introduced by two phase flow in a "zero~-g" field.

The pressure drop in associated ducting of the cooling system
for transferring fluid between exhangers is given as follows

\ 4p=34C *%:J} pr (35

and the associated power loss is given from equation (B5) as

. "
* P 3e 5} 5 o

S8ince the mass flow rate to be handled by the ducting is re-
latively fixed by the heat exchangers, the only way to reduce the
ducting power loss is to reduce vo%ocity, i.0. give the ducts the
largest oross section and increase the hydraulic diameter as much
s is possible. Bince hydraulic diameter, D, = 4A.nAE this implies

that circular ducts are best i.e., the largest cross sectional area
per wetted perimeter,

D. Refrigeration Systems

a. Vapor-Cycle Refrigeration
Most space vehicle and satellite components such as electronic
equipment and personnel dissipate heat at or near room temper-
. ature. This places a maximum temperature limit on the ultimate
heat dissipation surface unless a heat pump system such as vapor

cycle refrigeration is used to increase the radiator temperature
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above the temperature of the vehicle component releasing heat.

The effect of radiutor temperature may be readily demonstrated,
By an energy balance on a vehicle, the amount of internal dissipation
per unit of primary surface radiator area that may be handled can
be computed. The energy balance taking into consideration solar,
albedo and earth thermal radiuntion can be approximated for the high
noon position as

A
e [oTt 5§ Ehue [4al3) 4(-9)+F 2
T

n

Ar

where a is the albedo of the planet
and 8 ia the solar constant of the planet given by Table (1), F is
the geometric factor for earth thermal radiation to the vehicle, Ar.

is the reference aresa on which F is based, and Ap is the projected

ares in the direction of the sun.

The maximum internal thermal anergy that may be dissipated
per unit primary surface ares of a spherical vehicle is shown in
Figures 33 through 37 for the four planets nearest the sun and the
moon as & funotion of altitude with radiator surface temperature as
the parameter. A practical %/ ratio of .25 is assumed. PFigure 33
for Mercury, the planet nearest the sun, indicates that for near
orbits radiator temperatures of at least TO00°R are required to
dissipate the energy to apace. The condition at Venus is somewvhat
less severe and is shown in Figure 34. A radiator temperature of
860°R will accomplish appreciable heat dissipation.

Pigures 35, 36 and 37 for the Earth, Moon & Mars, respectively
indicate that it is possible to dissipate considerable vehicle heat




ERR-AN-QS§1
Page 42

even with a radiator temperature as low as 500°R. For near planet
missions further away from the sun than Mars, the heat dissipation
possible is the same as for free space the same distance from the

sun.

The alternate solution to increasing heat dissipation by raising
radiator temperature is to use deployable radiators. Such an extended
surface radiator may be oriented edgewise to the sun to eliminate
direct solar heating on the radiator. Figure 38 shows the effect
of orientation on euch a radiator for a vehiecle in the vicinity of
the earth. The ratio of energy dissipation for a flat plate radiator
normal to the snng rays to the energy dissipation from a flat plate
radiator oriented edgewise to the suns rays vith‘eag = .25, & = .90
is plotted vs altitude with radiator temperature as parameter. Thisa
figure shows that orientation with respect to the sun has a major
effect on dissipation at low radiator temperatures and low altitudes.
As radiator temperature increases ,the effect of orientation varies
much less with altitude au! orientation is not required when the

radiator temperature is 800°R or above,

Figure 39 shows the relation between energy dissipation of flat
plate radiators in free space as a function of the solar constant
with radiator temperature as parameter. These curves are plotted for
a radiator with % = .25 and €& = .90 normal to the suns rays.
Orientation with respect to the sun probably is unnecessary until
the radiator dissipation decreases more than 10% from the maximum
which would be the oriented edgewiase condition. The 10% situation
is indicated by the dotted line. This figure then shows that the
higher the temperature of the radiator the higher the solar constant
may be before orientation becomes desirable. For a 500°R radiator
temperature, orientation is desirable outward from the sun to Mars
orbit. Unless the radiator temperature is higher than 750°R, orient-

ation is desirable in the vicinity of the earth.
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From the above discussion it would appear desirable to use a
vapor cycle refrigeration system so that thermal energy from elec-
tronic components could be dissipated to space at elevated temper-
atures thereby lightening the radiator by reducing the area required.
One of the important parameters for the design of such a refrigeration
system would be the head pressures requireq’as inordinantly high
pressures would increase the weight of the system and increase leak-
age especially if deployable radiators and consequently flexible
connections are required. It would seem inadvisable to use pressures
higher than 100 psia. Sub-atmospheric refrigerant systems would not
exhibit the terrestrial problem of reverse leakage since in a space
vehicle the system would operate in a vacuum. Figure 40 shows the
saturation pressure-~temperature relations for common vapor refrigerants

that might be applicable to space applications due to their moderate

and low pressure characteristics and were extracted from Reference 13.

The vapor cycle refrigerating system may either be a direct
system which would use the radiator as a condenser or a two fluid
system where the condenser would be a heat exchanger transfering
heat to a circulation fluid flowing in the radiator. A major dis-
advantage of a vapor cycle system for space applications is that it
is a two phase system which presents severe problems in a zero-gravity
field, It should also be remembered that the work that is used to
drive the refrigeration cycle must also be removed by the system as
heat., Therefore it is desirable to have a high coefficient of per-
formance, The radiator area required per Btu/hr of internal heat
disaipation may be computed from

A R
L= | +—__‘1_Pr' HEL) ' ‘ (88)

QC-, Qq 7/»17«74 7,: 57(7r4' s,:
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or in terms of ideal cycle coefficient of performance

A [y (r2m) '
Q% L enpmepl e Ginl) o

For electronic squipument cooling)40'F is & realistic temperature

for the cold plate or evaporator. The Ar/QG for three common low

and moderate pressure refrigerants have been calculated as a function

of radiator and/or condenser temperature with T.p as parameter and

are shown in Pigure (41). Realistic values were assumed for the
oycle puumoturc,V- - .90,7“- .18, 7’1- .80, 71 .,’70,5:30/50&,:4‘0

The refrigerants considered were Methyl Chloride, Freon 113 and
Freon 11 as these are relatively non-toxic. The Ar/QG was essentially

independent of refrigerant for these three refrigerants. Ordinarily
a 100-180°F rise across a single stage refrigeration system is the
maximum that may be expected.

A major consideration is the type of cycle drive. The lower
pressure refrigerants require centrifugal compressors because of the
high specific volumes. Freon 11 and 113 are of these types. A
higher pressure refrigerant like Methyl Chloride could utilise a
reciprocating compressor.

b. Expendable Refrigerationm

An important method of cooling (Reference 18) for very
high peak heat dissipations and/or short missions is to utilize an
expendable refrigerant boiling and vented to space. To minimize
weight such a refrigerant should have a high latent heat of vapor-

ization. Water is one of the more common expendable refrigerants.
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For water boiling at .25 psi (60°F) the latent heat is 1060 Btu/1b.
The water requirement would then be 11.35 #/hr/ton of refrigeration.
cs Peltier Refrigerators
Peltier cooling (Reference 14) has become of interest for the
cooling of electrogic components with the advent of semi-conductors
having suitable thermoelectric properties. The Peltier refrigerator
is essentially a tﬁermocouple in reverse i.e. by passing a current
i through positive and negative electrical carriers one junction can
be driven warmer than the other and th:rmal energy is transformed

to and transferred by electrical energy.

Peltier cooling is practical only in very special applications

as such a system requires both a high energy input and heavy elec-
1 ‘ trical conduits and, in addition, requires large equipment radiation

areas, efficient internal heat tranafer, and special locations
with in the vehicle. Temperature differentials across the system
cannot be greater than 30-40°F for efficient operation. Peltier
cooling offers promise for heat transfer within electronic packages
but many advances would be required for general application to

space vehicles.
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111 APPLICATION OF THERMAL CONTROL SYSTEMS TO PARTICULAR VEHICLES AND
MISSIONS

A, Estimates for Present and Predicted Missions

Types of missions that have been attempted or that may be
attempted in the future are listed in Table 4 including an estimate
or ranges in internal dissipation that may be expected or is pre-
dicted for these vehicles. The internal dissipation estimates were
published in Reference 1. Also indicated is the estimated equivalent
sphere gize and total surface area of each of these vehicles and is
at best only very rough, With these predictions it is poasible to
categorige the vehicles and missions with respect to the overall
thermal control system. It is further assumed that since these
vehicles contain electronic components comprising a large portion,
if not the majority of the heat dissipation, the heat must be re-
moved internally at 40-80°F. Unless a heat pump system is utilized
the heat must then ultimately be radiuted to space at about 500°R.

Table (6) shows the maximum internal dissipation density that
may be dissipated from a spherical vehicle with an isothermal 500°R
surface with ©%%Z < .26 for a near planet orbit (H/R = .087) and
for free space mission in the vicinity of a given planet. Using thease
values the maximum required heat dissipation area for a given mission
and vehicle were computed and are shown in Table 4. The available
primary surface heat dissipation area for each vehicle was eatimated
as 75% of the total area for relatively passive vehicles such as
satellites and probes, and as 50% of the total area for maneuverable

or powered vehicles and is shown in Table 4.

In those cases where the required area with a 500°R surface
is larger than the available area, two things may be done to increase

the dissipation. Either the surface temperature may be increased
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by using a heat pump such as vapor cycle refrigeration, or extended

surface or deployable radiators may be used.

Use of vapor cycle refrigeration may practically be expected
to raise the radiator temperature to a maximum of 600°R. Table 5
also shows the maximum dissipation density that can be radiated
at this temperature from a sph:rical vehicle for a near planet orbit
(H/R = .087) and for free space missions in the vicinit) of a
given planet. Using these values the maximum required primary heat
dissipation area for a given mission and vehicle were computed and
are shown in Table 4. The higher radiator temperature is seen to
greatly improve the heat dissipation properties of the vehicle but

at the cost of weight for a refrigeration system.

Table (6) shows the maximum internal dissipation density that
may be radiated from a fiat radi.tor with an isothermal ( = 1.0)
500°R surface with Q,aé,- .25 for a near planet wmission and for a
free space mission. Figures are shown for a radiator non-oriented,
normal to suns rays, and for a radiator oriented edgewise to the sun.
Using these figures for an oriented radiator, Table 4 shows the de-
ployable radiator area required for those vehicles where primary

surface radiators at 500°R will not suffice.

An attempt will be made to compare weight increase due to
refrigeration system with weight saving of radiator due to increased:
digsipation temperature. Firure (41) has already shown the area of
radiator required per Btu/hr of vehicle equipment heat removal as
a function of deployable radiator temperature and equivalent space
temperature.
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Therefore vapor cycle refrigeration does not appear to offer
any weight advantages. However, in spite of being heavy, refrigeration
may be desirable in two situations. The first is that by using
refrigeration, radiator temperatures may be increased possibly
eliminating the need for deployable radiators and the attendent
reliability and leakage problems in flexible connections. The
second is that as missions approach the sun it becomes increasingly
important to raimse radiator t;mperatureo This is seen in Tables 5
and 6. Missions in the vicimity of Mercury's orbit will mundoubtedly
require special precautions such as radiation shielding and in-
creased radiator temperatures. From Table 5 it is seen that a low
altitude mission to Mercury can not dissipate internal heat from
the vehicle surface even at 600°R nor can an oriented radiator
dissipate heat at 500°R as seen from Table 6. Missions in free space

near Mercury's orbit will definitely require radiator orientation.

Conclusions on Application of Thermal Control Systems

Some general conclusions may be drawn with respect to the
application of particular thermal control systems to particular

missions.

1. For small earth satellites (less than 3' equivalent sphere
diam.) with internal dissipation densities less than
48 Btu/hr-ft2 passive surface thermal control may be used
if the allowable operating temperature range is greater
than 60°F. Active mechanical surface control is generally
necessary if allowable operating temperature ranges are less
than 50°F.

2. For small and large earth satellites with internal dissipa.
tion densities exceeding 48 Btu/hr-ft2 and mission lengths
less than 10 hrs. expendable water refrigeration is de-

sirable from a weight standpoint.

[ -
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For small earth satellites (less than 3' equivalent

sphere diameter) with internal dissipation densities
greater than 48 Btu/hr-ft2 and missions longer than 10 hrs.
extended or deployable surface radiators are required

with an internal active transfer fluid, preferrably a gas

such as nitrogen.

For large unmanned earth satellites (greater than 3'
equivalent diameter) with internal dissipation densities
less than 48 Btn/hr-ft2 internal mass transfer is required
to transfer the heat to surface radiators. Again a gas
heat transfer medium is preferrables.

For large unmanned earth satellites (greater thanm 3'
equivalent dinnoior) with internal diasipation densities
greater than 48 Btu/hr~ft2 and missions lenger than 10 hrs.
internal mass transfer is required as well as deployable

radiators.

For all missions between Mercury and Mars where deployable
radiators are required it is desirable to orient the
radiator edgewise to the sun. Missions further from the

sun than Mars do not need radiater orientation.

For vehicles requiring space storage of cryogenic prop-
ellants for periods longer than about 12 hrs. & combination
of wultiple radiation shield insulations and vehicle
orientation is advisable. For missions less than about

12 hrs.lorientation only may meet the thermal requirements.

Vapor cycle refrigeration although creating a severe weight
penalty may be necessary for close satellite missions to

Mercury as the only way to dissipate heat near this planet
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is to raise radiator temperatures above the operating

tcmperdture of electronic equipment.

For vehicle missions into the vicinity of the Mercury
orbit and closer to the sun, deployable flat radiators
oriented edgewise to the sun® rays appear adequate for
dissipating heat. A gas transfer system is required in-
ternally. The wvehicle body should be protected from solar
heating by insulation. Metallic radiation shields are
desirable because of high equilibrium temperatures en-

countered.

Unmanned close missions to Venus will require deployable
sun oriented radiators with an internal gas transfer system
for vehioles with dissipation densities greater than

14 Btn/hr-fta. For small low dissipation density vehicles

active mechanical surface control may be adequate.

Close Lunar vehicles less than 3' equivalent sphere diameter
with dissipation densities less than 43 Btu/hr-tt2 require
active mechanical surface control primarily as a precaution
to offset changes in radiation properties.

Large unmanned lunar vehicles with dissipation densities
greater than 43 Btu/hr-ft2 will require deployable radiators

and internal mass transfer systems.

Swmall close Mars vehicles with dissipation densities less
than 72 Btu/hr-ft2 will best use active mechanical surface

control,
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14. Large unmanned Mars vehicles will require internal mass
transfer systems and surface or deployable radiators
depending on whether the dissipation density is less than

or greater than 72 Btu/hr—ftz.

15. Missions past Mars will undoubtedly require deployable
radiators and internal mass transfer aystems in view of
the relatively amall sizes and high dissipation rates

necessary.

16. All manned missions will require internal mass transfer
systems preferably of the gas type. Generally surface
radiators will be adequate for Earth orbital missions.
Lunar landing and circum-Mars or Venus missions will

require deployable radiators.

17. Vehicles embracing high temperature thermodynamic processes
in nearly every case will require deployable radiators and
associated mass transfer systems. In these vehicles
radiator orientation is relatively unimportant as the

radiator will normally operate above 800°R.

The broad scope of this report has not permitted detailed design

© treatment of space thermal control aystems, however, enough analytical
treatment has been indicated to permit the general categorizing of
vehicular thermal control systems with respect to missions to which they
are applicable.
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TABLE 2
REPRESENTATIVE THERMAL RADIATION PROPERTIES OF COMMON
ENGINEERING SURFACES AT OR NEAR ROOM TEMPERATURE

Finish Temperature Normal Total ol
Range °F Solar Hemiapherical 3
Absorptivity Emissivity

Sherwin Williama Flat

White Acrylic Paint 70-100 0.27 0.895 <30
Andrew Brown Co. Hi-Heat

Aluminized Enamel 70-120 0.24 0.27 .89
Fuller Paint Co. Dull

Black Enamel 70-145 0.91 0.85 1.07
Speco, Inc. Extra High

Heat Gold Paint 70-120 0.43 0.52 0.83
.010" Rokide "A"

(Aluminum Oxide) 70-85 0.21 0.82 0.26
.010" Rokide "Z"

(Zirconium Oxide) 70-100 0.39 0.86 0.45
.010" Sprayed Pure

Aluminum 70-110 0.31 0.25 1.25
Electro Plated Gold 70-150 0.29 0.08 3.60
Vacuum Deposited :
Gold Vapor Plate 70-150 0.26 0.11 2.35
Vacuum Depesited

Aluminum Vapor Plate 70-150 0.24 0.10 2.40
347 Stainless Steel 70-175 0.54 0.27 2.00

Clean 7075 Aluminum 70-250 0.55 0.11 5.00
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TABLE 3

FLUID TRANSPORT PROPERTIES AND PUMPING POWER COMPARISONS FOR
EQUIVALENT HEAT TRANSFER

Viscoaity Density Specific Thermal Power
1b/ft-hr  1b/ft3 Heat Conductivity Ratio
C K Relative to

P
Btu/1b-°F Btu/hr-ft-°F Nitrogen,P*

Nitrogen

(1 atm) .0411 0743 .25 .0145 1.0

Carbon Dioxide

(1 atm) .0340 .1170 .21 .0091 .99

Ammonia .

(1 atm) .0242 .0425 .52 .01386 .47
‘l'heliul

(1 atm) .0436 .01086 1.25 .0844 .142

Hydrogen

(1 atm) .0208 .0053 3.50 .1109 .025

Nitrogen

(50 psia) .0411 .253 «25 .0145 .087

Carbon

Dioxide

(50 psia) .0340 117 .21 .0091 .086

Ammonie

(50 psia) .0242 .0425 .52 .01386 .041

Heliunm

(50 psia) .0436 .038 1.25 .0844 L0124

Hydrogen

(50 psia) .0208 .018 3.50 .1109 . .0022

Water 2.66 82.4 1.0 .353 1.9 x 10‘7
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'MAXIMUM ALLOWABLE INTERNAL DISSIPATION DENSITY QG/AT THAT CAN
BE RADIATED FROM A SPHERICAL VEHICLE

Planet

500°R Radiator Temperature

600°R Radiator Temperature

Near Planet

In Vicinity

Near Planet

In Vicinity

H/R=.087 of Planet H/R=.087 of Planet

H ) 6R H ) 6R
Mercury 0 Btu/br-£t2 | 0 Btu/hr-£t% | 0 Btu/mr-£t2 | 36 Btu/hr-ft>
Venus 14 49.5 120 155
Earth 48.6 72.3 158 175
Moon 43.5 72.3 150 178
Mars 75 85 180 191
Jupiter 95 968 197 200
Saturn-Pluto 97 97 201 201




TABLE 8
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MAXIMUM ALLOWABLE INTEBRNAL DISSIPATION DENSITY QG/AT THAT CAN
BE RADIATED FROM A DEPLOYABLE FLAT PLATE RADIATOR AT 500°R

Normal to Sun's Rays

Edgewise to Sun's Rays

Near Planet

In Vicinity

Near Planet

In Vicinity

Planet H/R = .087 of Planet H/R = .087 of Planet
H ) 6R H ) 6R

Mercury 0 Btu/hr-1¢% | 0 Btu/br-2¢2 | 0 Btu/br-£t2 | 97 Btu/hr-t¢2
Venus 0 2 87.5 87

Earth 17.9 46.7 76.0 97

Hﬁon 6. 47.4 73. 97

Mars 59. 76.0 87. 97
Jupiter 96 97 96.5 97
Saturn-Plute 97 97 87 97
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